Abstract-The OFDM signals have a problem of high peak-to-average power ratio (PAPR). Hence, a large transmit-power backoff or amplitude clipping is required. The amplitude clipping causes signal degradation and the BER performance increases. A trade-off between the PAPR reduction and the BER performance is present; the PAPR reduces as the level of clipping reduces, but the BER degrades due to signal distortion. Recently, we proposed OFDM combined with time division multiplexing (OFDM/TDM) to alleviate the high PAPR problem, while achieving better BER performance than OFDM. In this paper, a theoretical bit error rate (BER) analysis of clipped OFDM/TDM system in a frequency-selective fading channel is developed. The average BER performance is evaluated by numerical computation using the derived conditional BER and by computer simulation. It is shown that OFDM/TDM can significantly reduce the amplitude clipping level and the required average signal energy per bit-to-AWGN power spectrum density ratio E b /N 0 for the given BER in comparison to conventional OFDM.
INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) signal, which is robust against multipath fading, has a behavior similar to that of a Gaussian random process. This yields a drawback of having a large amplitude dynamic range, i.e., a large peak-to-average power ratio (PAPR). Because of this property, a nonlinear high-power amplifier affects the OFDM signals and the bit error rate (BER) performance degrades [1] . Various approaches to reduce the PAPR have been proposed [2] - [5] . Recently, we proposed OFDM combined with time division multiplexing (OFDM/TDM) to overcome the high PAPR of OFDM [6] . In OFDM/TDM design, the inverse fast Fourier transform (IFFT) time window (OFDM/TDM frame) for conventional OFDM is divided into K slots (1 K N c ). An OFDM signal with reduced number of subcarriers (N m =N c /K) is transmitted during each time slot. An important property is that OFDM/TDM with frequency domain equalization (FDE) based on minimum mean square error (MMSE) criterion can bridge the conventional OFDM (K=1) and SC (K=256) transmission [6] . However, OFDM/TDM cannot completely eliminate the PAPR problem [3] . To further reduce the PAPR, the amplitude clipping can be applied. The clipping introduces signal distortion and the BER performance degrades.
The statistical properties of signals that pass through nonlinear devices (e.g., amplitude limiter, high-power amplifier …etc.) have been widely investigated in the past [8] - [13] . Using the Bussgang theorem [8] , a nonlinear output can be separated as a sum of a useful attenuated input replica and an uncorrelated nonlinear distortion. In [10] - [13] it is shown that the effects on the decision variables of the in-band distortion introduced by a memoryless nonlinearity can be described by means of a complex gain and an additive Gaussian term with zero mean.
In this paper, a theoretical foundation for amplitude clipped OFDM/TDM with MMSE-FDE in a frequency-selective fading channel is developed. The conditional BER expression is derived based on a Gaussian approximation of the clipping noise and inter-symbol interference (ISI), for the given set of channel gains. It is shown that OFDM/TDM can significantly reduce the amplitude clipping level while achieving the same BER performance as conventional OFDM. It is also shown that OFDM/TDM can reduce the required average signal energy per bit-to-AWGN power spectrum density ratio E b /N 0 for the given BER in comparison to conventional OFDM.
The remainder of this paper is organized as follows. Section II presents the principle of OFDM/TDM transmission system. An expression for the conditional BER of the amplitude clipped OFDM/TDM, in a frequency-selective Rayleigh fading channel, is derived for the given set of channel gains in Sect. III. In Sect. IV, the average BER performance of OFDM/TDM in a frequency-selective Rayleigh fading channel is evaluated by Monte-Carlo numerical computation using the derived conditional BER, and is confirmed by computer simulation. Section V concludes the paper.
II. OFDM/TDM TRANSMISSION SYSTEM
The OFDM/TDM transmission system model is illustrated in Fig. 1 . Throughout this paper, T c -spaced discrete time representation is used, where T c represents the fast Fourier transform (FFT) sampling period. [6] . The OFDM/TDM signal can be expressed using the equivalent lowpass representation as
for t=0~N c -1, where u(t)=1(0) for t=0~N m -1 (elsewhere); s k (t) is the k-th OFDM signal with N m subcarriers, given by
After insertion of guard interval (GI) the OFDM/TDM signal is passed through the amplitude clipper with the amplitude modulation (AM)/AM conversion characteristics written as [7] 
where β denotes the clipping level. As a result of this operation, the maximum peak power is suppressed to the clipping level.
After clipping the clipped signal is multiplied by the power
, where E s is the data-modulated symbol energy. Using the Bussgang theorem [8] , the amplitude clipper output can be represented as a sum of a useful attenuated input replica and an uncorrelated nonlinear distortion as
where α and ) ( t s , respectively, denote the attenuation constant and clipping noise. The attenuation constant α is chosen to minimize the mean-square error (
. It is shown in [12] , [13] that for amplitude clipping level β>7 dB, α→1. For lower β, α can be well approximated as [11] 
B. Received Signal Representation
The clipped signal propagates through the channel having the discrete-time channel impulse response h(t) given as
where h l and τ l are the path gain and time delay of the lth path
The received signal can be expressed as
for t=-N g~Nc -1, where n(t) is the additive white Gaussian noise (AWGN) process with zero mean and variance 2N 0 /T c with N 0 being the single-sided power spectrum density.
After removing the GI, the received signal {r(t); t=0~N c -1} is decomposed into N c frequency components {R(n);
where
and N(n), respectively, denote the transmitted OFDM/TDM signal component, the channel gain, the distorted part of the output signal due to amplitude clipping and the AWGN noise component at the nth frequency. 
C. FDE One-tap FDE is applied to R(n) as [14] [ ] )
where w(n) denotes the MMSE equalization weight for the nth frequency given by [15] (14) for i=0~N m -1 and k=0~K-1.
III. BER ANALYSIS
The conditional BER is derived based on the Gaussian approximation of the clipping noise due to nonlinear distortion and the ISI. Then, the theoretical average BER performance is evaluated by Monte-Carlo numerical computation method.
Substituting Eqs. (10) and (13) into Eq. (14), we obtain 
where [3] 
The first term in Eq. (15) is the desired OFDM/TDM signal component, the second term is the ISI component, the third term is the clipping noise component and the fourth term is the AWGN noise component. Note that in the case of conventional OFDM (K=1), the second term will not be present.
Bellow, using Eq. (15), we will derive the variances of the ISI, distortion due to the amplitude clipping and AWGN noise for the given set of {H(n) and w(n); n=0~N c -1}. Since different data symbols are independent, i. e., [ ]
, the ISI variance is given as 
We assume all "1" transmission (i.e., 2
) without loss of generality and quaternary phase shift keying (QPSK) data-modulation. Since the ISI can be assumed to be circularly symmetric, the conditional BER for the given β and the set of {H(n); n=0~N c -1} (or equivalently, the given set of path gains and time delays {h l and τ l ; l=0~L-1}) can be expressed as [16] 
is the complementary error function. The theoretical average BER is numerically evaluated by averaging Eq. (22) over {H(n); n=0~N c -1}.
IV. NUMERICAL AND SIMULATION RESULTS
The computer simulation conditions are given in Table 1 . We assume an OFDM/TDM frame size of N c =256 samples, GI length of N g =32 samples and ideal coherent QPSK data modulation/demodulation. As the propagation channel, we assume an L=16-path block Rayleigh fading channel with uniform power delay profile, where {h l ; l=0~L-1} are zero-mean independent complex Gaussian variables. It is assumed that the time delay of the lth path is τ l =l samples (i.e., the maximum delay difference is less than the GI length since L≤N g ). The evaluation of theoretical average BER performance is done by Monte-Carlo numerical computation method as follows. A set of path gains {h l ; l=0~L-1} is generated for obtaining {H(k); k=0~N c -1} using Eq. (9) and then {w(k); k=0~N c -1} is computed using Eq. (12) . The conditional BER for the given average signal energy per symbol-to-the AWGN power spectrum density ratio E s /N 0 is computed using Eq. (22). This is repeated a sufficient number of times to obtain the theoretical average BER.
The theoretical and computer simulated average BER performance for OFDM/TDM with K=16 is plotted in Fig. 2 as a function of the average E b /N 0 (=0.5(E s /N 0 )(1+N g /N c )), for amplitude clipping level β=0, 2, 5 and ∝ dB (β=∝ corresponds to no clipping). It is seen that, for β>4 dB, the BER performance of OFDM/TDM is almost not affected by amplitude clipping. The BER degradation, when β=5 dB at average E b /N 0 =17 dB, is small as 10 -4 in comparison to β=∝. for the average E b /N 0 =20 dB, conventional OFDM (K=1) cannot achieve this performance irrespective of β. Hence, to achieve BER=10 -3 and reduce amplitude clipping level β, we can use OFDM/TDM. When K increases as 8, 16 and 32, respectively, the amplitude clipping level β can be reduced to 7.3, 2 and 0.5 dB for the BER=10 -3 . This is because as K increases, the PAPR of the OFDM/TDM signal reduces and the signal is less degraded in the clipping process. This clearly shows the benefit of OFDM/TDM.
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V. CONCLUSIONS
In this paper, a theoretical foundation was developed for amplitude clipped OFDM/TDM with MMSE-FDE in a frequency-selective fading channel. It was shown, by theoretical analysis and computer simulation, that OFDM/TDM can be used to reduce the amplitude clipping level β while achieving the same or even better BER performance as conventional OFDM. Also shown was that OFDM/TDM can be used to reduce the required E b /N 0 for the given BER in comparison to conventional OFDM. The OFDM/TDM design parameter K can be adjusted to achieve a system with a better performance than conventional OFDM in a nonlinear channel.
